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Abstract 
Low Pressure Chemical Vapour Deposition (LPCVD) and transfer processes are 
explored and optimized to obtain large-area, continuous and high quality monolayer 
graphene on target substrate. The size of synthesized graphene reaches up to 20 mm * 
20 mm, and can be further extended by upgrading to a larger reaction chamber; the 
monolayer coverage rate and conductivity is better than normal commercial graphene 
products on the market. A novel frame-assisted method is developed to transfer 
graphene without introducing many defects and impurities. Annealing and acetone 
treatment are combined to remove PMMA residues effectively and unharmfully. A 
new under-etching route to fabricate graphene free-standing structure is also proposed 
and explored. 
A novel non-contact microwave examination method has been employed to simplify 
the sheet resistance measurement processes and to avoid the effects of metallic 
contacts. This method is simple and non-destructive to graphene, and can be further 
integrated into the graphene production line in the future. A new double-layer device 
is fabricated and utilized to observe the microwave field effect in graphene.  
The interaction between graphene and oxygen under different temperatures and 
oxygen partial pressures is studied and discussed. Strontium Titanate films (SrTiO3 or 
STO) are deposited on transferred CVD grown graphene on MgO substrates. Based 
on the oxidation test result, the deposition process of Strontium Titanate is optimized 
to minimize the defects introduced on graphene. Raman mapping data show that 
graphene is still continuous after the STO deposition although the D band suggests 
some newly formed defects. 
 
Key works: graphene, chemical vapour deposition, transfer, microwave measurement  
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1. Introduction  
1.1 Properties and Applications of Graphene 
Graphene is a monoatomic 2-D material in which sp2 hybridized carbon atoms are 
closely arranged as a hexagonal crystal lattice.  [1] Graphene is the basic 2D building 
unit which can be transformed into all other carbon materials, such as  being wrapped 
up to fullerenes (0D), being rolled to carbon nanotubes (1D) or being stacked to 
graphite (3D) (Figure 1-1). 
 
 
Figure 1-1: Structure of Graphene and its relationship with carbon materials in 
other dimensions. 
Left: 0-D fullerenes; Middle: 1-D carbon nanotubes; Right: 3-D 
graphite.(adapted from  reference [1]) 
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Although theoretically predicted to have many fascinating properties, free-standing 
graphene, the thermodynamically unstable two-dimensional crystal, was considered 
impossible to exist. It was not until 2004 that suspended graphene was first discovered 
by A. Geim and K. Novoselov [2]. Since then, and especially after the awarding of 
Nobel Physics Prize in 2010, graphene has attracted great research interests in areas 
such as physics, chemistry, nanoelectronics, materials science and bioscience because 
of its fascinating electronic, optical, mechanical and thermal properties (Figure 1-2): 
 
 
Figure 1-2: Various suggested applications of graphene. 
 
Graphene‘s great mechanical strength [5] (Young‘s modulus of 1 TPa) and low mass 
density (~2300 kg/m3) make it an ideal candidate for various composites, especially in 
aerospace industry. The high surface to volume ratio opens the opportunity of 
advanced gas sensors and bioelectric sensors [20]. The monolayer only absorbs about 
2.3% of normally incident light [8], which makes graphene also a favourable 
alternative for transparent electrodes in solar cells, touch screens and LEDs. It has a 
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high electron mobility of up to 200,000 cm2/Vs [15; 16; 17], high current density of up to 
~2 × 108 A cm−2 [18], high saturation velocity of up to 5.5 × 107 cm s−1 [19]and a high 
thermal conductivity (above 5,000 W mK−1 [11]), which are ideal for many high-speed 
electronic applications. The chemically inert nature of graphene also makes it a great 
corrosion barrier for metal protection. 
 
 
 
 
 
  
  
19 
 
1.2 Motivation and Goals 
 Despite graphene‘s promising properties and applications, two obstacles remain in its 
way to commercialization as a large-area transparent electrode: how to achieve mass 
production of graphene on a large scale and how to effectively modulate graphene‘s 
electrical conductivity (Table 1-1). In this thesis, various studies have been conducted 
to explore solutions to the two problems: 
Table 1-1: Comparison in properties of graphene, ITO and carbon nanotube for 
large-area transparent electrodes. 
 
Chapter 2 reviews the recent advances in graphene synthesis. Various preparation 
methods are reviewed and compared.  
Chapter 3 describes the main fabrication and characterization techniques which are 
employed in this thesis. 
Chapter 4 explores how to obtain high quality graphene on a large scale: a low 
pressure chemical vapour deposition (LPCVD) system is set up to synthesize 
  ITO Carbon Nanotube 
Graphene 
(monolayer) 
Young‘s modulus 
(GPa) 116 
[3] <950 [4] 1020 [5] 
Transmittance (%) >90 [6] 90 [7] 97.7 [8] 
Heat Conductivity ~10 [9] 3500 [10]  
5000 [11] 
(W/m-K) 
  
 
Sheet Resistance 
< 100 [6] ~500 [12] 125-5000 [6; 12] 
(Ω/sq) 
electron 
Mobility(cm
2
/Vs) 
<50 [13] 100,000 [14] 
200,000(Exfoliated) 
[15; 16; 17] 
~7,300 (CVD) [6] 
Mass production Yes Yes In development 
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graphene on copper. The deposition conditions are studied and optimized to 
synthesize large-area high-quality graphene sheets. It further discusses the transfer of 
synthesized graphene sheet from a copper catalyst to target substrates and how to 
minimize the damage during this process. A new under-etching route to fabricate a 
graphene free-standing structure is also proposed and explored. 
Chapter 5 is about the employment of a new microwave method to examine 
graphene‘s electrical properties: a microwave resonator is employed to enable contact-
free determination of sheet resistance in a convenient, accurate and low-cost way. A 
double-layer graphene device is also designed and fabricated and the field effect in 
graphene is also (indirectly) observed with the microwave resonator.  
Chapter 6 studies the deposition of Strontium Titanate (STO) dielectric films onto 
graphene sheet for future top-gated FET transistors and capacitor applications. The 
interactions between graphene and oxygen under different temperatures and oxygen 
partial pressures were studied to optimize the STO deposition conditions and to 
minimize the damage of graphene. 
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2. Literature Review1 
This chapter reviews various major graphene synthesis techniques (Table 2-1). The 
pros and cons of each are also discussed and compared.  
 
Method Carbon Source 
Mechanical exfoliation 
Highly Ordered Pyrolytic Graphite 
(HOPG) Chemical exfoliation 
Reduction of graphene oxides 
Epitaxial growth on SiC SiC 
Chemical vapour deposition 
Hydrocarbon gases (such as Methane 
or Ethylene) 
Decomposition from solid carbon 
source 
Organic molecules  
Table 2-1: An overview of major graphene synthesis methods 
 
  
                                                 
1 Part of this chapter has been submitted to Imperial College London in the Early Stage Review report.  
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2.1 Exfoliation from graphite 
2.1.1 Mechanical Exfoliation 
High quality graphene sheets were first generated using mechanical exfoliation of 
Highly Ordered Pyrolytic Graphite (HOPG) by Geim, A. K. and colleagues [2; 21]. 
After repeated peeling by using an adhesive tape, graphene crystals, along with 
graphite particles, were then transferred onto Si substrates which are covered with a 
certain thickness (normally ~300 nm) of SiO2 layer, where they became visible due to 
a feeble interference-like contrast compared with an empty wafer (Figure 2-1). (See 
section 3.2.1 Optical Microscope for more details)  
 
 
Figure 2-1: Schematic of the ‗Scotch-Tape‘ Method. 
 
These exfoliated graphene sheets have the best structures and performances[16; 17] till 
  
23 
 
now, with a size of up to 100 µm[1] (Figure 2-2). So they are considered pristine 
graphene which can be used to compare performances and structures of graphene 
prepared by other methods. However the randomness of products made it difficult to 
prepare graphene sheets on a large scale or in a well-controlled shape, size and 
number of layers. So exfoliated graphene is now mainly used for basic research and 
new concept devices. New preparation methods for graphene sheets on a large scale 
are in urgent need for industrial applications.  
 
 
Figure 2-2: SEM Image of an exfoliated graphene crystal. The blue and red 
dotted lines illustrate the zigzag and armchair edges. 
(adapted from reference [1]) 
 
 
2.1.2 Chemical Exfoliation 
Other than the traditional mechanical exfoliation, methods such as intercalation [22] 
(Figure 2-3) and liquid phase exfoliation [23; 24] (Figure 2-4) are explored to achieve 
mass exfoliation of graphite layers. During the sonication process, the graphite bulk 
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fragments into graphene sheets, while the solvent molecules stabilize the separated 
sheets from aggregation. Despite that chemical exfoliation greatly improves the scale 
of production, lack of control in shapes and number of layers still makes this method 
unsuitable for device applications. 
    
 
Figure 2-3: Schematic of the intercalation method 
 
 
Figure 2-4: Schematic of the liquid phase exfoliation method 
 
  
25 
 
2.2 Reduction of Graphene Oxides 
Another method of separating sheets from graphite is oxidation by treatment 
with a strong acid [25], which introduces oxygen-bearing functional groups (such 
as phenols, carboxylic acids, epoxides, other carbonyls) to the graphite layers. 
After sonication in water, due to the electrostatic repulsion between the negative 
charges on adjacent layers brought by deprotonating of functional groups, the 
graphite layers separate to form graphene oxide sheets, which can be then 
transferred and reduced by thermal annealing in hydrazine vapour. (Figure 2-5) 
 
 
Figure 2-5: Schematic of Reduced Graphene Oxides Preparation 
 
This solution-based method also uses graphite as initial carbon source, which provides 
a low-cost and large-scale preparation route. However the reduced graphene oxides 
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(RGO) is rendered with various structural defects, residual oxygen functional groups 
and contamination from solution (Figure 2-6) during the oxidation and reduction 
processes, leading to poorer electrical and mechanical properties in device 
applications.  
 
 
Figure 2-6: A typical high-resolution TEM image of a reduced graphene oxide 
sheet (single layer). 
(a). the original TEM image. (b). the image with coloured marks of different 
types of defects / impurities. (Adapted from reference [26]) 
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2.3 Epitaxial Growth 
Epitaxial growth of graphene on SiC is achieved by a hybrid epitaxial- thermal 
decomposition process. [27; 28; 29; 30] By heating the silicon atoms off on the surface of 
SiC wafer at high temperature (1000–1600 °C), the remaining carbon atoms go 
through a graphitization process to form epitaxial graphene on the surface of SiC 
substrate. (Figure 2-7) 
 
Figure 2-7: STM image of epitaxial graphene on SiC(0001) substrate 
(Adapted from reference [28]) 
Due to the small mismatch of their hexagonal lattices and the uniform structure of the 
substrate crystal, large areas of high quality graphene films can be achieved. 
Furthermore, graphene grown on SiC can be directly used for electronic transport 
studies and related applications  because SiC is highly resistive and will not shunt 
current flow through the channel, while graphene prepared by other methods like  
exfoliation and CVD method involves transferring the graphene sheets onto other 
insulating substrates. However, it is difficult to get mono - or bilayer graphene, or to 
detach graphene from its expensive substrates.   
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2.4 Chemical Vapour Deposition (CVD) 
2.4.1 Introduction 
Although many methods have been explored, a technological breakthrough in 
manufacturing high-quality monolayer graphene sheets on a large scale is still 
urgently needed. Since nowadays most of the commercial carbon nanotubes (CNTs), a 
one dimensional (1D) carbon material with structures similar to graphene, are 
produced by chemical vapour deposition (CVD), it is not surprising that CVD will 
also be a promising route to large scale production of single layer graphene. Recently 
mass production of graphene films on inexpensive transition metals such as Ni [31; 32; 
33; 34; 35] and Cu [6; 36; 37; 38; 39] has been achieved. In the high temperature deposition 
process, these transition metals act as both the catalyst for hydrocarbon cracking and 
the growing substrate for graphene formation.  
The growth mechanisms of graphene on Ni and Cu are different, due to the 
differences in solubility of carbon. According to the binary phase diagrams of C−Ni 
and C−Cu (Figure 2-8), the solubility of C in Ni is much higher than that in Cu. These 
mechanisms are studied and confirmed by carbon isotope labelling in conjunction 
with Raman spectroscopic mapping [40], which can track the carbon distributions 
during growth. 
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Figure 2-8: Binary phase diagrams of (a) Ni–C; (b) Cu–C 
(Adapted from reference [41; 42] respectively) 
 
In the case of Ni, during the high temperature process carbon atoms diffuse into the 
Ni substrate first, and then segregate and precipitate at the surface of the Ni substrate 
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to form graphene layers. Upon cooling, segregation occurs rapidly within the Ni 
grains, but slowly at the Ni grain boundaries. Due to the different rate of segregation 
of carbon from the metal carbide, nickel usually generates inhomogeneous graphene 
of 1-8 layers. 
 
 
Figure 2-9: Optical image (a) (Insert: AFM image) and Raman spectra (b) of 
CVD graphene grown on Ni     (Adapted from reference  [31]) 
 
Cu, on the other hand, dissolves only a small amount of carbon during the high 
temperature process. Thus the graphene is mainly formed from the CH4 gas source 
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which is decomposed by the catalytic Cu surface. The graphene growth stops 
automatically once the catalytic Cu surface is fully covered with carbon. Unlike CVD 
growth on Ni, Cu generates mostly mono-layer graphene (Figure 2-10). Moreover, Cu 
can be more easily removed by chemical etching, making it more simple and 
convenient to transfer graphene onto target substrates. The CVD growth of graphene 
on copper is further optimized and discussed in the next sections (2.4.2-2.4.4). 
 
 
Figure 2-10  (a) A typical SEM image of CVD grown graphene on a copper foil (b) 
optical image of the same graphene transferred onto a SiO2/Si substrate (thickness of 
oxide layer: 285 nm) Adapted from reference [36]. 
 
 
2.4.2 Growth parameters (on copper) 
Although many studies have been made to explore the CVD growth parameters (Table 
2-2), there is still no commonly accepted recipe for best quality graphene. Typical 
CVD experiments are conducted at high temperatures (~1000 °C) in low pressure or 
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atmospheric pressure environment with CH4 and H2 as gas precursors. The optimum 
conditions vary with equipment, gases, substrates, and many other factors. 
 
Paper Temperature Time Pressure CH4/H2 Ratio Notes 
[43] 1000 °C 
20 
min 
450 mTorr 0.167 
few-layer 
graphene 
[44] 1000 °C 
30 
min 
350 mTorr 2 
Monolayer 
graphene 
[45] 1000 °C 
20 
min 
7.5 Torr 4 
Monolayer 
graphene 
[46] 1050 °C 
10 
min 
- 0.00024 
Discontinuous 
Graphene islands 
[36] 1000 °C 
30 
min 
500 mTorr 17.5 
Monolayer 
graphene 
[6] 1000 °C 
30 
min 
460 mTorr 3 
Monolayer 
graphene 
[47] 1045 °C 
15.5 
min 
Atmospheric 
pressure 
0.001 
Discontinuous 
graphene domains 
[48] 850 – 900 °C 
10 
min 
50 Torr 4 Few layers 
[49] 950 °C 
4 
min 
500 mTorr Hexane (4mL/h) 1-2 layers 
Table 2-2: A list of published CVD conditions for graphene growth. (1 Torr = 1.33 
mBar = 133.322 Pa) 
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2.4.3 Transfer Process  
A. Conventional Transfer 
For many electronic or optical applications, it is necessary to transfer graphene from 
the copper where it grew on, to the specific target substrate. Conventional transfer 
method involve the following steps (Figure 2-11): (1) Spin coat a layer of PMMA film 
on the surface graphene / copper foil as support; (2) Etch away copper in solutions 
such as FeCl3 or (NH4)2S2O8; (3) Dip the PMMA/Graphene film from solution and 
clean it in DI water bath several times to remove residues of etchant; (4) Scoop the 
PMMA/Graphene film with the target substrate and leave to dry; (5) Remove the 
PMMA film by annealing or acetone solution treatment.  
 
Figure 2-11: Schematic of graphene transfer process from copper to target 
substrate.  
(1) Spin coating of PMMA film. (2) Remove copper in etchant solution. (3)  
Clean the film in DI water bath. (4) Scoop the film with target substrate. (5) 
Remove the PMMA support. 
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The conventional transfer method is an effective way to transfer graphene from 
copper to any target substrate; however, the process can cause ripples, holes and 
etchant residues which harm graphene performance.  It is important to further 
optimize it to reduce defects. 
 
B. Elastomer stamp transfer 
J Song and colleagues [116] developed a general method which utilizes a 
polydimethylsiloxane elastomer stamp and a self-releasing polymer layer as transfer 
media to place graphene onto any target substrates, including flexible or hydrophobic 
ones. After detaching from the self-releasing layer, the elastomer stamp can be reused 
for other transfers. Figure 2-12 illustrates the detailed elastomer stamp transfer 
procedures. 
 
Figure 2-12: Schematic of the elastomer stamp transfer method. (1): Contact 
with the self-releasing polymer layer and elastomer stamp; (2): etching of 
copper substrate; (3): Transfer onto target substrate and remove the self-
releasing polymer layer 
(Adapted from reference [116]) 
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C. Roll to roll transfer 
Sukang Bae and colleagues have developed a new roll to roll transfer technique to get 
30-inch large graphene film from copper onto a flexible PET substrate. [6; 50] The CVD 
synthesized graphene was firstly attached to a polymer support (thermal release tape) 
and then immersed into etchant to remove copper. Graphene was then transferred onto 
the flexible target substrate after detachment from the polymer support. This 
technique is especially promising due to its possibility to be part of an integrated 
graphene production line.  
 
Figure 2-13: Schematic of the roll to roll transfer process 
(Adapted from reference [6; 50]) 
 
D. Electrochemical Delamination 
Some groups have been exploring a novel electrochemical delamination to separate 
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graphene without the need to etch away all the metal catalyst [51; 52; 53]. Unlike 
conventional transfer process in which solutions such as FeCl3 etch away the copper, 
the novel electrochemical delamination method utilizes the hydrogen bubbles 
emerging at the graphene/Cu interfaces (2H2O + 2e
– → H2 + 2OH
–) to achieve 
graphene–copper separation. The delaminated graphene/PMMA film is then 
transferred onto the target substrate, after which the supporting PMMA is removed.  
(Figure 2-14) 
 
 
Figure 2-14: Schematic (a) and photo (b) of the electrochemical delamination 
process. 
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Although the Electrochemical delamination technique offers a more effective way to 
separate graphene from copper and the possibility of reuse of the growing catalytic 
metal, the bubbles can leave holes in the resulting graphene films during the process 
which need to be carefully studied and minimized. (Table 2-3) 
 
Transfer Method Chemical Etching 
Electrochemical 
delamination 
Separation time 1-20+ hours 1-60 minutes 
Graphene Surface 
Contaminated by ion 
residues from the etchant 
Clean, free from solution 
impurities 
Chemical Solution 
Can be reused several 
times 
Can be reused hundreds of 
times 
Growing substrate Etched away 
Can be recycled and reused 
hundreds of times. 
Graphene surface More complete Holes caused by bubbles  
Table 2-3: Comparison of the conventional chemical etching method and the 
electrochemical delamination method. 
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2.4.4 CVD growth of graphene on copper thin films 
Although the traditional transfer method involving PMMA / thermal release tapes can 
achieve detachment from copper foil, the process normally brings considerable 
contaminations and damages to graphene films. Many groups are exploring CVD 
growth of graphene on copper thin films [54; 55; 56; 57] instead of foil, because it can be 
easily evaporated, etched away or peeled off.  
Ariel Ismach, et al [55] found that the copper films would de-wet and evaporate during 
or immediately after long period of high temperature CVD growth, leading to 
graphene on the bare dielectric substrates such as quartz without the need of 
additional transfer processes (Figure 2-15). However, there are still copper residues 
underneath the graphene layer (Figure 2-15), and thus impair the quality of 
synthesized graphene. 
 
 
Figure 2-15: Schematic of the transfer-free process in reference 
(Adapted from reference [55]) 
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Figure 2-16: SEM image (left, secondary electron mode) and AFM image 
(right) of the CVD grown graphene and remaining copper underneath.  (Adapted 
from reference [55]) 
 
Mark P. Levendorf and colleagues developed a fabrication method to directly pattern 
graphene sheets grown on copper films into devices [56]. As shown in Figure 2-17, the 
deposited protective photoresists was first patterned by photolithography, followed 
etching away all the underlying copper film, after which the protective photoresists 
are removed.   
CVD growth of graphene on copper is promising for microelectronics as the device 
fabrication is compatible with conventional thin film processing techniques. However, 
due to the high temperature conditions (> 800 °C) during CVD growth, the copper 
evaporation is significant and leaves holes in the film (Figure 2-18). Thus it is not 
suitable for growing mm2 scale continuous graphene films. Plasma Enhanced CVD 
(PECVD) method can reduce the growth temperature to ~750 °C and obtain 
continuous films. [58; 59; 60; 61; 62] Due to lack of facilities, graphene growth is only 
conducted on copper foils in this thesis.  
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Figure 2-17: Schematic of the transfer-free process in reference  
(1): Graphene Growth. (2): Spin photoresist. (3): Pattern photoresist. (4): 
Reactive-ion etching (RIE) of unprotected graphene. (5): Etching away 
copper film. (6): Strip photoresist. (7) Deposit top-electrode. (Adapted from 
reference[56]) 
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Figure 2-18: SEM images of copper film after CVD growth. Holes are formed 
in the copper film as a result of evaporation during the high temperature 
process. 
 
 
2.4.5 Summary 
CVD growth of graphene on copper is one of the most promising mass production 
methods for high-quality graphene: Graphene production has been scalable to areas of 
up to ~0.1m2 [6]; with the possibility of integration into production line through the 
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CVD mass production and the roll to roll mass transfer techniques; and competitive 
low cost.  
However, due to the polycrystalline nature and various kinds of defects, the electron 
mobility of CVD-grown graphene is still two orders of magnitudes lower than 
graphene fabricated by mechanical exfoliation. Much work still needs to be done to 
further improve the quality and minimize defects. 
 
 
2.5 Decomposition from other Solid Carbon Sources 
Although CVD growth of graphene on copper shows great promise for industrial 
applications, the high processing temperature as (~1000°C)  and the use of organic 
carbon gases are still two limitations. Z Sun and colleagues developed a novel method 
to turn solid carbon-containing materials into graphene, with metals as catalysts [63].  
 
 
Figure 2-19:  Schematic of graphene preparation from PMMA 
(Adapted from reference [63]) 
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As shown in Figure 2-19, the solid carbon source, which ranges from fluorene 
(C13H10), poly(methyl methacrylate) (PMMA) and (table sugar, C12H22O11), was 
firstly spin-coated on a Cu thin film catalyst. Uniform graphene sheets were formed 
on the SiO2/Si substrates at a temperature between 800 °C and 1,000 °C for a short 
period of time, under low pressure vacuum conditions with a reductive H2/Ar gas 
flow. The authors were also able to selectively grow only monolayer graphene by 
adjusting the hydrogen flow rate and growth to suppress the growth. 
Compared to CVD growth of graphene on copper, this method only requires a 
temperature of 800 °C, compared to 1000 °C in CVD. This lower processing 
temperature is more favourable for the fabrication of heterostructure devices in the 
semiconductor industry.  Other solid carbon sources, such as fluorene (C13H10) and 
sucrose (C12H22O11), have also been used to grow graphene in similar conditions. 
However, as these carbon sources all contain other elements like oxygen, sulphur, 
nitrogen or phosphorus, it is difficult to produce pure graphene products without 
impurities.  
 
 
2.6 Comparisons of different graphene synthesis methods 
In summary, each method has its own advantages and disadvantages (Table 2-4): 
mechanical exfoliation offers the best quality graphene samples, however the lack of 
control over size and number of layers, as well as the inconvenience for mass 
production make it only applicable for laboratory research. Although chemical 
exfoliation improves the exfoliation efficiency, it still does not achieve control of size 
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and number of layers. Epitaxial growth can generate relatively high quality graphene 
on SiC, the expensive cost of epitaxial substrate and lack of flexibility on substrate 
make it difficult for industrial production. Reduction of graphene oxides can produce 
graphene in large quantities; however numerous defects are introduced during the 
oxidation and reduction processes. Chemical vapour deposition and decomposition 
from solid carbon source can produce monolayer graphene on a large scale, however 
the quality needs to be further improved. 
 
 Mass 
Production 
Monolayer  Size Quality Cost Transfer 
Mechanical 
exfoliation 
N Uncontroll
able 
Uncont
rollable 
Highest High Y 
Chemical 
exfoliation 
Y Uncontroll
able 
Uncont
rollable 
high Low Y 
Reduction of 
graphene oxides 
Y Uncontroll
able 
Uncont
rollable 
Very 
low 
Low Y 
Epitaxial growth Y Uncontroll
able 
Large High Very 
high 
N 
Decomposition 
from solid carbon 
source 
Y Yes Large Low 
(with 
impuriti
es) 
Low Y 
Chemical vapour 
deposition on Ni 
Y N Large Low Low Y 
Chemical vapour 
deposition on Cu 
Y Yes Large Low Low Y 
Table 2-4: comparisons of major graphene synthesis methods 
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To produce uniform monolayer graphene at reasonable cost, chemical vapour 
deposition on copper appears to be the most promising way for industrial applications.  
Chapter 4 and 5 explore the CVD synthesis and transfer of graphene in detail and 
bring up some modifications to obtain graphene with better quality.  
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3. Experimental Techniques 
This chapter describes the major fabrication (section 3.1) and characterization 
techniques (section 3.2) which are utilized in this thesis. 
 
3.1 Fabrication Techniques 
3.1.1 Chemical Vapour Deposition (CVD)  
Chemical vapour deposition (CVD) is a material processing process which involves 
chemical reactions of gas precursors to deposit high quality solid materials (0-D 
nanoparticles, 1-D nanowires / nanotubes and 2-D plates / films). [64] 
In a typical CVD experiment, the substrate is located in the middle of a tube furnace 
or vacuum chamber. Additional catalysts and high temperature treatment might be 
needed to enable the reaction of volatile precursors to react on the surface of the 
substrate. For materials which are sensitive to oxygen, high vacuum environment and 
inert carrier gases like Ar are introduced to protect the products from oxidation. 
(Figure 3-1)   
 
 
Figure 3-1: Schematic of a typical CVD system 
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The CVD method can be classified into three categories: atmospheric pressure CVD 
(APCVD), low-pressure CVD (LPCVD, <1 Torr) and ultra-high vacuum CVD 
(UHVCVD, normally < ~10−8 Torr), according to its operating pressure (gas 
pressure). 
For materials which are not favourable for a high temperature process, Plasma 
Enhanced CVD (PECVD) method is also utilized to enhance the reactions and to 
reduce the reaction temperature[58; 59; 60; 61; 62].  
In this thesis, LPCVD is utilized to grow large-area high quality graphene films, more 
details of which can be found in Chapter 3. 
 
3.1.2 Pulsed laser deposition (PLD) 
Pulsed laser deposition (PLD) is a physical vapour deposition process which utilizes 
high-power pulsed lasers to strike (vaporize) material atoms from the target and to 
deposit onto the substrate as films.[65] (Figure 3-2)  
Although PLD is normally conducted in ultra-high vacuum chamber, oxygen is 
introduced as a background gas when depositing oxide films. In this thesis, PLD is 
utilized to deposit Strontium Titanate (STO) films onto graphene, more details of 
which can be found in Chapter 5. 
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Figure 3-2: Schematic of a typical PLD system 
(adapted from reference [65]) 
 
3.1.3 Spin coating 
Spin coating is a thin film deposition technique which utilizes rotation to spread fluids 
of materials into homogenous films of certain thickness on a flat substrate.  [66] 
In a typical environment, the deposition material is dissolved and diluted in solvent to 
form fluids, drops of which are placed on a target substrate which is sucked in the 
middle of a spin coater by vacuum. The coater then spins at a given rotation speed and 
period until the desired thickness is achieved. After deposition, the substrate is 
normally left to dry or baked to solidify the film and remove any remaining solvent.  
(Figure 3-3)  
In this thesis, spin coating is mainly utilized to deposit PMMA film in graphene 
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transfer. 
 
Figure 3-3: Schematic of a typical spin coating process 
 
3.1.4 Photolithography 
 
Photolithography is a conventional fabrication process which utilizes photomask and 
UV light to pattern thin films or substrates [117]. As shown in Figure 3-4, after exposed 
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to a UV light, the pattern from a photomask is transferred to the photoresist which 
was pre-coated on the surface of substrate. The UV light causes a chemical change in 
the exposed photoresist, making it soluble (positive photoresist) or insoluble (negative 
photoresist) in the developer solution. After development, the underlying film or 
substrate is etched, after which the remaining photoresist is stripped away.  
 
 
Figure 3-4: Schematic of the photolithography process.  (1): spin photoresist; (2): 
expose; (3): develop; (4): chemical etching of copper; (5): strip photoresist. 
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3.2 Characterization Techniques 
3.2.1 Optical Microscope 
The optical microscope, or light microscope, is widely used as a convenient 
characterization tool in areas such as biology and materials science.  With the help of 
lenses and a light source, microstructures of samples can be observed through 
magnified images. (Figure 3-5) 
As monolayer graphene is nearly transparent (only 2.3% light absorption[8]), it is 
difficult to observe graphene directly with an optical microscope. However, it is found 
that on top of SiO2/Si substrate (Si substrate with ~300 nm SiO2 layer), graphene can 
be more visible due to a slight interference- like contrast difference. [67; 68]  
 
Figure 3-5: Schematic of a typical optical microscope characterization of 
graphene film.  
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Although the most direct method to determine number of graphene layers is still 
atomic force microscopy (AFM), the low efficiency and damage to graphene samples 
makes AFM less popular in graphene characterizations. In fact, this colour contrast 
observation under optical microscope has become a convenient and common–
accepted way to identify the different numbers of graphene layers [69] (Figure 3-6), 
which can be further verification with Raman spectra (see section 3.2.2 Raman  for 
more details). This greatly facilitates the characterization and device fabrication 
processes of graphene. 
 
Figure 3-6: Optical image of graphene with different number of layers on Si 
SiO2/Si substrate (thickness of oxide layer: 285 nm) 
     (Layer numbers are listed below each image. Adapted from reference [69])  
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3.2.2 Raman Spectroscopy 
Raman spectroscopy is a spectroscopic characterization technique which identifies 
molecules through information on inelastic scattering. Photons from the laser light can 
excite the tested molecule from a ground state (vibrational state) to a virtual state, 
after which the molecule drops back to a different ground state and emits a photon 
with a frequency shift due to the energy difference. These shifts in frequencies can be 
recorded and analysed to obtain information about vibration modes of corresponding 
chemical bonds in the molecule. [70]  (Figure 3-7) 
 
 
Figure 3-7: Energy-level diagram of different scatterings. 
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(Adapted from reference [70]) 
 
Raman spectroscopy is very sensitive to symmetric carbon-carbon bonds, and thus is 
a powerful tool in characterizing various carbon materials. Figure 3-8 shows typical 
Raman spectra of several carbon materials: Graphene, graphite, single-wall carbon 
nanotube (SWCNT), multi-wall carbon nanotube (MWCNT). [71] The G band (around 
1582 cm-1) corresponds to planar sp2 bonded carbon in graphene, graphite and carbon 
nanotubes. The D band (around 1350 cm-1) corresponds to sp2 carbon rings (i.e. 
defects in sp2 carbon) and is often regarded as an indicator for defects: its intensity is 
proportional to the degree of defects in materials with sp2 carbon. The 2D (G‘) band 
(around 2685 cm-1) is the second order of the D band, and typically used to infer the 
number of graphene layers:  although some groups claim that the intensity ratio of 
G/2D bands can be utilized to identify number of layers (Figure 3-9), the more 
reliable indicators for the layer number are the shape and position of 2D band (in 
bilayer or multi-layer graphene, the 2D band is a merged result of components from 
different layers). [69; 71; 72; 73]     
In this thesis, Raman spectroscopy is extensively used for determining the number of 
graphene layers and structural defects in graphene. 
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Figure 3-8: Typical Raman spectra of several carbon materials. 
Graphene, graphite, single-wall carbon nanotube (SWCNT), multi-wall carbon 
nanotube (MWCNT) (Adapted from reference [71]) 
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Figure 3-9: Raman spectra of mechanical exfoliated graphene. 
 (a) Optical image of mechanical exfoliated  graphene with 1 - 4 layers. (b) 
Corresponding Raman spectra (Adapted from reference [69]) 
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3.2.3 Scanning Electron Microscope (SEM) and Energy-dispersive X-
ray spectroscopy (EDX) 
Scanning electron microscopy (SEM) is a common materials characterization 
technique which scans a focused electron beam on a sample to reveal its topography 
and composition information. [74; 75] The incident electron beam will interact with 
atoms in the test sample, which then releases a range of signals which can be detected, 
analysed and imaged. (Figure 3-10) 
 
 
Figure 3-10: Output signals in scanning electron microscope.  
(adapted from reference [74])  
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SEM is a convenient way to characterize graphene, especially direct imaging of 
CVD grown graphene on copper without transfer. Due to the blockage effect of 
secondary electrons (SE) [76] (Figure 3-11), graphene appears to be in darker 
contrast in SEM images (Figure 3-12).  
 
 
Figure 3-11: Schematic of emitted secondary electrons (SE) blocked by 
graphene 
(adapted from reference [76])  
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Figure 3-12: Typical SEM images of CVD grown graphene on a copper foil. 
 
All the original SEM images (unless those adapted from references) in the thesis are 
taken with the LEO Gemini 1525 SEM in Department of Materials, Imperial College 
London. 
The energy-dispersive spectrometer in the SEM can also capture the emitted X-rays. 
By analysing the number and energy of these characteristic X-rays, information on 
elements in the sample can be revealed.[75] This elemental analysis technique is called 
Energy-dispersive X-ray spectroscopy (EDX). EDX is utilized to analyse the impurity 
particles on graphene films in chapter 4. 
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3.2.4 Electrical Measurement (Four-Probe Measurement) 
To determine the electrical property (sheet resistance) of synthesized graphene, four -
probe measurement is conducted on various graphene samples. As shown in Figure 
3-13, the current is supplied through two probes while the voltmeter measures the 
voltage across the other two probes. The probe spacing s used in this experiment is 
0.635 mm. 
 
Figure 3-13: Schematic of 4-point probe configuration 
(adapted from reference [77]) 
The sheet resistance of graphene can be calculated as:  
𝑅𝑠 =
𝜋
𝑙𝑛2
×
𝑉
𝐼
= 4.53
𝑉
𝐼
   (Equation 3-1) 
(From reference[78], see Appendix 8.1 for more details about the derivation of this 
equation.) 
The four- probe method is a more accurate way to measure sheet resistance than the 
two-probe method, as it can eliminate factors such as probe resistance and contact 
resistance. 
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4. CVD Synthesis and Transfer of Large-area 
Graphene Films2 
This chapter explores the synthesis and transfer techniques to obtain cm2-size 
continuous graphene film. Different growth and transfer parameters are explored and 
optimized to ensure the continuity and quality of the resulting monolayer graphene 
over the whole substrate (10×10 mm2).  
 
4.1 The CVD Process  
4.1.1 The CVD System 
In this PhD project, a home-made LPCVD system was designed and set up for 
graphene growth (Figure 4-1). 
 
                                                 
2 Part o f this chapter has been published in Kai Wang, Cecilia Mattevi, et al. (2012). Hydrogen Etching 
Effect in Chemical Vapour Deposition of Graphene on Copper (Poster Presentation). E-MRS 2012 
SPRING MEETING. Strasbourg, France. 
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Figure 4-1: Schematic of CVD system for graphene growth  
 
A: Methane gas cylinder, providing methane precursors. 
B: Hydrogen generator (PH200-220 from peak scientific), providing high purity 
hydrogen (99.9995) by electrolysis of water. It is safer as a gas source than 
conventional hydrogen gas cylinders. 
C1 and C2: gas regulators, controlling the pressure of output gases. 
D1 and D2: mass flow controllers, modulating the flow rates for different gases. 
E: Quartz tube: the container for CVD synthesis. 
F: Horizontal split tube furnace (THH11 from Elite Thermal Systems Ltd), heating up 
to 1100 °C. 
G: Angle valve: modulating the pumping rate / pressure of the system. 
H: Trap, protecting the pump from contaminations. 
I: Rotary vacuum pump.  
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4.1.2 The CVD Procedures 
 
Figure 4-2: Schematic of the heat treatment process for graphene CVD synthesis  
 
 
Figure 4-3: Schematic of CVD process for graphene synthesis 
(Adapted from [79]) 
 
Figure 4-1 and Figure 4-2 illustrate the CVD process. Details of procedures are listed 
below:   
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A. Cleaning of copper foil 
Copper foil (99.99% purity, 25μm thickness, from Alfa Aesar) is cut into small pieces 
of desired size (normally 20 mm × 20 mm) with scissors. Cleaning the foil surface is 
accomplished by sonicating it in acetone, Isopropyl alcohol (IPA) and DI water (each 
for 10 minutes) and blow to dry in nitrogen gas.  
B. Pre-treatment of copper foil 
Immerse the foil into acetic acid solution (50%) for twenty minutes to remove the 
native oxides on copper surface, after which the foil is rinsed with DI water and dried 
in nitrogen gas. 
C. Sample loading 
After being flattened between two clean glass slides, the copper foil is placed on a 
quartz slide and loaded into the middle of the quartz tube. Note: glass s lides must not 
be used as it would be melted in the high temperature environment. 
D. Vacuum pumping 
Pump the system until ~10 -2 mBar (1 mBar = 0.75 Torr = 100 Pa) and refill the 
chamber with H2 gas to ~100 mBar. Repeat several times to remove oxygen from the 
system.  
E. Annealing 
After vacuum pumping, anneal the copper foil at 1000 °C under 80 sccm H2 gas for 
10-60 minutes. This is to remove the remaining native oxides on copper surface and 
enlarge the copper domains [40]. 
F. Growth 
Introduce the precursor gas (methane) into the system at desired flow rate for a given 
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period of time (1-30 minutes), after which the heating is turned off. The standard 
recipe to obtain continuous monolayer graphene is 40 sccm CH4 with a total pressure 
of ~ 8 mBar. 
G. Cooling 
When the temperature of the system falls below 800 °C, open the split furnace to 
allow faster cooling. 
H. Unloading 
When the temperature of the chamber falls below 100 °C, the sample is unloaded 
from the quart tube and stored in a clean sample box. 
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4.2 The Transfer process  
A frame-assisted transfer method is utilized to transfer graphene onto the whole area 
of the substrate (10 mm * 10 mm SiO2/Si, quartz and MgO substrates). 
 
Figure 4-4: Schematic of the frame-assisted transfer process 
(1): Spin coat PMMA on graphene/copper. (2): fix PMMA/graphene/copper on plastic 
frame. (3): Remove copper in FeCl3 etchant solution. (4) Pick up the 
PMMA/graphene/frame from etchant solution and clean in DI water. (5): Transfer the 
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PMMA/Graphene film using target substrate from the hole of frame. (6) Remove 
PMMA support with acetone or annealing. 
 
Figure 4-3 illustrates the frame-assisted transfer process which can cover the whole 
substrate surface with graphene films with very few wrenches. Details of procedures 
are listed below: 
A. Preparation of copper foil 
Flatten the copper foil (with graphene grown on both sides) by pressing it between 
two clean glass slides.  Cut foil into desired size (normally 10 mm * 10 mm) with 
scissors. 
B. Nitric acid treatment 
Float the copper foil sample on nitric acid solution (10%) for 2 minute to remove 
graphene on one side. After etching, float copper foil (with graphene on the top side) 
on DI water bath for 30minutes to remove the nitric acid residues. Pick up the cleaned 
foil from the DI water bath and leave to dry. 
C. PMMA coating 
Place the cleaned copper foil on spin coater and start vacuum pump to fix sample. Use 
a micropipette to cover the top side of Cu foil (with graphene) with PMMA A6 
solution (6% in Anisole, from MicroChem Corp. c). Spin cast with certain recipe of 
spin speed and period. (Refer to Figure 4-5, typically 3500 rpm for 45s)  Leave the 
sample to dry in air. 
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Figure 4-5: The resulted PMMA thicknesses with different spin speeds for 45s.  
(Adapted from reference [80]) 
 
D. Frame fixing 
Place the PMMA/Graphene/Copper onto the plastic frame. Fix the edge with clips. 
E. Copper Etching 
Prepare etchant bath of FeCl3 (46g/100ml). Immerse the frame into the bath to etch 
away copper from the bottom side of copper foil (without PMMA protection). 
Cover bath with parafilm and leave until copper is completely etched away. (normally 
2-5 hours). 
F. PMMA/Graphene Cleaning 
After all copper are etched away, pick up the frame from the etchant solution. Remove 
the FeCl3 residues by immersing in DI water bath and HCl bath (10%) several times, 
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each for 30 minutes. Repeat until the pH value of DI water bath does not change from 
original. 
F. Substrate Cleaning 
Sonicate the target substrate in acetone and IPA solution for 10 minutes each. 
G. Frame Detachment 
Place the PMMA/graphene/Frame onto cleaned substrate and press with clean glass 
slide. Remove the plastic frame. 
H. PMMA removal 
(1) Annealing 
Place the PMMA/graphene/substrate on a quartz slide in the middle of heating zone of 
the tube furnace. Anneal the sample in 80 sccm H2 gas with pressure of ~ 4 mBar. 
(2) Acetone treatment  
For alternative, acetone solution can be used to remove PMMA from the sample. 
Dump the PMMA/graphene/substrate into warm acetone bath (45 °C) for 1 hour. 
Remove and leave to dry. 
Some times to get very clean graphene films, annealing and acetone treatment are 
combined and repeated to minimize the PMMA residues. 
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4.3 Characterizations 
The as synthesized graphene films are characterized by SEM, optical microscope, 
Raman spectroscopy, and four-probe electrical measurement. 
Figure 4-6 shows a typical CVD grown graphene film under SEM. Most of the copper 
surface (>95%) is covered with monolayer graphene, while some dark area indicates 
the existence of multi-layer graphene. Due to the differences in thermal expansion 
between carbon (graphene) and metal (copper in this case), the graphene contracts 
less than copper while cooling down from the high synthesis temperature (~1000 °C) 
after growth[81], resulting in the formation of wrinkles which can also be clearly 
observed in the SEM image.   
 
 
Figure 4-6: A typical SEM image of CVD grown graphene on copper 
 
Figure 4-7 shows a typical CVD grown graphene film transferred onto SiO2/Si 
substrate (SiO2 thickness: 285 nm) under optical microscope. The majority of 
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monolayer graphene region and small multi-layer graphene regions corresponds to the 
morphologies observed under SEM (Figure 4-6).  
 
 
Figure 4-7: A typical optical image of CVD grown graphene transferred onto 
SiO2/Si substrate (SiO2 thickness: 285 nm) 
 
Figure 4-8 shows the optical images of as grown CVD grown graphene and 
commercial CVD grown graphene (bought from graphene supermarket) transferred 
onto quartz substrates. As grown graphene has much smaller multi-layer areas 
compared to large hexagonal multi- layer regions in commercial graphene.  
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Figure 4-8: Optical images of (a) as grown CVD grown graphene and (b) CVD 
grown graphene bought from graphene supermarket transferred onto quartz 
substrates. Scale bar applies to both images. 
 
Figure 4-9 shows a typical optical microscope image of CVD grown graphene 
transferred onto a quartz substrate. The majority monolayer graphene area and small 
multi-layer graphene area can be clearly distinguished. Raman spectra (Figure 4-10 
and Figure 4-12) further confirm their monolayer / multilayer nature: the weak 
intensity of the D peak proves the good quality of graphene film; the intensity ratio of 
G/2D bands as well as the differences in 2D band shapes indica te they are monolayer 
graphene (Figure 4-10) and multi-layer graphene (Figure 4-12) respectively. The 
mapping data of G and 2D bands (Figure 4-11) indicate homogenous, high quality 
monolayer graphene across the mapping area.  
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Figure 4-9: Optical image of CVD grown graphene transferred onto a quartz 
substrate. 
 
 
Figure 4-10: Raman spectrum of monolayer graphene region in Figure 4-9. 
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Figure 4-11: Raman mapping of the monolayer graphene region in Figure 4-9. 
 
 
Figure 4-12: Raman spectrum of multilayer graphene region in Figure 4-9. 
 
Four-probe electrical measurements are conducted to measure the sheet resistances of 
synthesized graphene films transferred onto 10 mm * 10 mm quartz substrates. CVD 
grown graphene samples (on copper) bought from graphene supermarket are also 
transferred in the same method onto the same substrate and measured as comparison. 
It is found that as-grown graphene (840.-1990 Ω/sq) is comparable (slightly more 
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conductive) than normal commercial graphene (1260-2000 Ω/sq). (See appendix 8.2 
for more details.) 
It is also notable that even graphene films synthesized under the same conditions vary 
in their conductivities. On the one hand, better control of the synthesis and transfer 
processes is needed to improve consistency in graphene properties. On the other hand, 
a convenient way to examine the conductivity of graphene films in a fast and low-cost 
way is urgently needed for quality control, which is explored in chapter 5. 
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4.4 Effects of growth parameters 
Different growth conditions are explored by varying a certain parameter and keeping 
other parameters same as the standard growth condition (session 4.1.2). These 
parameters are studied and optimized to obtain continuous, high quality monolayer 
graphene. 
4.4.1 Copper pre-treatment 
Before the CVD growth, the copper foil is treated with acetic acid solution (50%) for 
20 minutes to remove the native oxides on copper surface. This step is very important 
to reduce the copper oxide particles in the synthesized graphene and to obtain more 
continuous graphene. 
Figure 4-13 shows the graphene/copper surface without acetic acid treatment. Many 
particles are observed on the surface where graphene film breaks into cracks. These 
particles hinder the graphene growth to form continuous film and thus should be 
prevented. Figure 4-14 shows the EDX analysis of these particles. The existence of 
oxygen indicates these particles are copper oxides. 
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Figure 4-13: SEM image of the CVD grown graphene on copper foil without 
acetic acid treatment. Impurity particles can be clearly observed near the edges 
of graphene. 
 
 
Figure 4-14: EDX analysis of the particles on graphene/copper surface. 
 
Figure 4-15 shows the graphene/copper surface with 20 minutes‘ acetic acid 
treatment. Compared with Figure 4-14, the size and number of particles are 
significantly reduced and the graphene film is continuous. It is thus recommended that 
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15-30 minutes‘ minutes‘ acetic acid treatment of the copper foil to remove most of the 
native copper oxide immediate before every graphene growth. 
 
 
Figure 4-15: SEM image of the CVD grown graphene on copper foil with 20 
minutes‘ acetic acid treatment. Much less and smaller impurity particles are 
observed. 
 
 
4.4.2 Annealing  
The copper substrate is normally annealed in hydrogen gas to remove the remaining 
native oxides on the surface. It is found in this study that annealing can also reduce 
the coverage of multi-layer graphene. Figure 4-16 shows the differences of 
synthesized graphene on copper without and with annealing for 1 hour at 1000 °C. 
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The graphene grown without annealing step has multiple multi-layer areas, covering 
~51% of the whole surface, while the graphene grown with annealing step has only 
few small multi-layer areas, covering only <2%. It is probably because annealing can 
increase the size of copper domains and reduce copper defects [40]where the nucleation 
of multi- layer graphene would happen.  
 
 
Figure 4-16: SEM images of graphene grown on copper foil (a) without 
annealing; (b) with annealing for 1 hour at 1000 °C before growth. Scale bar 
applies to both images. 
 
4.4.3 Growth temperature 
Graphene films are grown at a set of temperatures (700 °C, 800 °C, 900 °C, and 
1000 °C) while other parameters remain the same as the standard condition (session 
4.1.2). According to the SEM images (Figure 4-17), there is hardly any graphene 
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formed at 700 °C; some small graphene flakes begin to form at 800 °C, and further 
enlarge when the temperature rises to 900 °C; continuous graphene begin to form at 
1000 °C. 
 
 
Figure 4-17: SEM images of graphene grown at different temperatures: 700 °C 
(a), 800 °C (b), 900 °C (c), and 1000 °C (d). Scale bar applies to all images. 
 
 
4.4.4 Growth time 
Graphene growths were conducted in the standard condition (session 4.1.2) for 
different periods of time (1-30 minutes), which are represented in Figure 4-18. Small 
graphene flakes (~ 1 μm in size) began to emerge at 1 minute and further grew into 
larger flakes (~ 10 μm in size). After 10 minutes, those flakes have almost merged 
into continuous films. The change of graphene coverage over time is shown in Figure 
4-19. 
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Figure 4-18: CVD graphene grown at different periods of time: 1, 5, 10, 30 
minutes. White area: copper surface. Black area: copper with graphene grown 
on surface. 
 
 
Figure 4-19: Changes of graphene coverage over growth time 
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4.4.5 Methane / hydrogen ratio 
The possible reaction processes during the CVD growth are:  
CH4  CH3 + H 
CH3  CH2 + H 
CH2  CH + H 
CH  C + H 
nC  Graphene (Cn) 
It can be inferred that when the CH4/H2 is large, the reactions moves towards the 
formation of graphene / multi-layer graphene; while on the contrary, graphene 
formation would be hindered (etched). 
Graphene growths are conducted in different CH4/H2 flow rate ratios while other 
parameters remain the same as the standard condition (session 4.1.2), which are 
represented in Figure 4-20. When CH4/H2 ratio is very small (1:8), the synthesized 
graphene flakes are in small and regular hexagonal shapes due to the significant 
etching effect of hydrogen. When the CH4/H2 ratio is higher (1:4), the graphene flakes 
become larger and stay in less regular shapes. When the CH4/H2 ratio reaches 1:2, 
continuous graphene films begin to form (mostly monolayer). When the CH4/H2 ratio 
continues to increase, multilayer graphene area becomes larger and covers a 
significant percentage of the whole surface. The change of graphene coverage over 
CH4/H2 ratio is shown in Figure 4-21. 
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Figure 4-20: CVD graphene grown at different methane / hydrogen ratios: 1:8, 
1:4, 1:2, and 2:1. (a): small graphene flakes; (b): larger graphene flakes; (c): 
continuous monolayer graphene; (d)monolayer graphene with multilayer 
regions (dark area) 
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Figure 4-21: Changes of graphene coverage over methane / hydrogen ratio 
 
 
4.4.6 Total pressure 
Graphene growths are conducted at different total pressures while other parameters 
remain the same as the standard condition (session 4.1.2). According to Figure 4-22, 
at low pressures (~ 0.8 mBar), graphene tends to grow into large discontinuous flakes 
while at higher pressures (~ 8 mBar) it ends to form continuous films. At even higher 
pressures, significant multilayer graphene forms. 
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Figure 4-22: CVD graphene grown at different pressures: (a) ~0.8 mBar, 
discontinuous graphene flakes; (b) ~8 mBar, continuous monolayer graphene 
(c) ~80 mBar, monolayer graphene with multilayer regions (dark area)   
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4.5 Optimization of the transfer process 
To obtain continuous and clean graphene films over the whole substrate for 
microwave measurement and other applications, the conventional transfer process is 
adapted into a frame-assisted transfer process.  
 
4.5.1 The frame-assisted transfer 
The conventional fishing method is widely utilized as an effective way for transfer of 
small-area graphene film (smaller than the substrate). However, when attempting to 
cover the whole substrate surface with a large graphene sheet, this method always 
result in holes and ripples due to folding and slipping. (Figure 4-23) 
The frame-assisted transfer method (session 4.2) was developed to solve this problem 
by using a plastic frame to fix the graphene and transfer the flat PMMA/graphene 
directly to the target substrate without folding (Figure 4-24). Figure 4-25 shows 
complete graphene substrates transferred using this novel method. 
The frame-assisted transfer method also avoids damaging problems during cleaning. 
In conventional transfer method, the PMMA/graphene film is cleaned in DI water 
baths several times to remove etchant residues, resulting in damages when the film 
detaches from the glass slides to new DI water bath. In the new frame-assisted 
transfer method, the film will not touch any solid surface before transferring onto the 
target substrate. 
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Figure 4-23: Schematic of the conventional fishing transfer process 
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Figure 4-24: Schematic of the adapted frame-assisted transfer method. 
 
 
Figure 4-25: A typical photo of complete CVD grown graphene films 
transferred onto quartz substrates. (substrate size: 10 mm * 10 mm) 
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4.5.2 Removal of PMMA 
Defects and impurities of the transferred graphene film mainly come from three 
sources: (1) cracking and folding of graphene film during transfer; (2) contaminations 
from substrate or the etchant solution; and (3) the PMMA residues. Cracking and 
folding can be minimized through the novel frame-assisted transfer method, and the 
contaminations can be minimized through repeating cleaning of the substrate and 
PMMA/graphene films. The PMMA residues remain a big problem to be solved. 
Figure 4-26 shows transferred graphene films with different PMMA removal methods 
utilized. The acetone treatment can dissolve most of PMMA residues; however the 
broken holes and undissolved PMMA residues still appears on the graphene surface 
(Figure 4-26 a). The heat annealing brings less damage to the graphene films, but 
some PMMA residuals are still able to survive the thermal decomposition and 
evaporation process (Figure 4-26 b). By combining the two methods together, the 
annealing-acetone method can lead to clean and complete graphene films with few 
residues and broken holes (Figure 4-26 c). 
 
Figure 4-26: SEM images of CVD grown graphene transferred with different 
methods to remove PMMA: (a) acetone treatment; (b) thermal annealing; (c) 
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thermal annealing + acetone treatment. The scale bar applies to all 3 images. 
 
 
4.6 Fabrication of graphene free-standing structures 
It is well known that graphene‘ properties are affected by the underlying substrates 
due to scattering from charged impurities [82; 83], substrate stabilized ripples [84; 85], and 
contaminations on substrates. In order to improve the performance of graphene 
devices, free-standing structures are needed to eliminate effects from supporting 
substrates. 
Although free-standing structures have been fabricated by directly transferring 
graphene film onto holes [5; 86] and trenches [87; 88], and by etching away the underneath 
substrate [115], it is still challenging to customize the device structure. Here we 
proposed a novel fabrication method involving photolithography and copper under-
etching to obtain graphene freestanding structures (Figure 4-27).  
(1): growth/transfer of graphene;  
(2): spin photoresist;  
(3): expose and develop;  
(4): removal of unmasked graphene by oxygen plasma;  
(5): chemical etching of copper;  
(6): strip photoresist. 
The whole process is compatible with standard semiconductor processing techniques 
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and the structure can be easily customized to different needs by changing the mask 
design.  
 
 
Figure 4-27: Schematic of the proposed transfer-free process involving 
lithography.  
 
 
4.6.1 Transfer of graphene onto copper film 
As the graphene growth technique on copper thin film has not been fully established 
in our group, CVD graphene grown from copper foil was transferred onto an 800 nm-
thick copper film on a SiO2/Si substrate with conventional fishing transfer technique. 
The homogeneous graphene sheet can be clearly observed in SEM images (Figure 
4-28 and Figure 4-29). 
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Figure 4-28: SEM image of the graphene sheet transferred onto copper thin 
film. Left: the copper thin film. Right: graphene sheet on the copper thin film.  
White lines: wrinkles of the graphene sheet.  
 
Figure 4-29: High-resolution SEM image of graphene sheet on copper thin film.  
Graphene wrinkles (white lines) can be clearly observed.  
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4.6.2 Patterning of bridge structure 
A positive photoresist (AZ 5214E, thickness = ~1.4 μm) is then spin coated onto the 
graphene/copper structure and patterned into bridge structures by the standard 
photolithography techniques (Figure 4-30). The uncovered graphene is then removed 
by oxygen plasma.  
 
 
Figure 4-30: Optical image of the patterned photoresist bridge structures on 
graphene/copper film. 
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4.6.3 Under-etching of copper 
After the uncovered copper is etched away by ammonium persulfate solution 
((NH4)2S2O8, 0.1 mol/L), the under-etching begins from the edges of photo-resist-
covered copper structures. Figure 4-31 and Figure 4-32 and shows the optical images 
of the same structure after copper etching for different period of times. The etching 
rate for under-etching is estimated to be 500 nm/minute. These preliminary results 
suggest that the under-etching method is effective in removing the underlying copper. 
However, the length of the bridge structure is still too large to make it completely 
free-standing from the substrate.  
 
 
Figure 4-31: Optical images of the same structure after copper etching for 1 
hour (a) and 2 hours (b). The scale bar applies to both images. 
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Figure 4-32: Schematic of the under-etching process (side view). Region A, 
region B and region C correspond to region A, region B and region C in Figure 
4-31. 
 
 
4.6.4 Summary and Future work 
The proposed under-etching method is a novel way to obtain graphene free-standing 
structure lifted up from the substrate. Preliminary results suggest that the under-
etching method is effective in removing the underlying copper. Further explorations 
are still needed: 
As the length of the bridge structure is still too large to make it completely free-
standing from the substrate, masks with shorter structures are needed. 
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After the copper under-etching, the graphene free-standing structure could be 
achieved by removing remaining photoresist. A critical point drying technique can be 
utilized to remove photoresist without damaging the graphene [17; 89]. This step will be 
carried out after relevant facilities become available. 
This process can also be further explored and optimized by growing graphene directly 
on copper thin films. 
 
 
4.7 Conclusions 
 
In summary, the parameters of CVD growth of graphene and transfer processes are 
carefully explored and optimized. Large-area, continuous and high quality monolayer 
graphene is obtained: The size of synthesized graphene reaches 20 mm * 20 mm, and 
can be further extended by upgrading a large reaction chamber; the monolayer 
coverage rate and conductivity is better than normal commercial graphene products 
on the market. A novel frame-assisted method is developed to transfer graphene 
without introducing many defects and impurities. A novel annealing -acetone 
combined method can remove PMMA residues more effectively and unharmfully. A 
new under-etching route to fabricate a graphene free-standing structure is proposed 
and explored. 
The conductivity of synthesized graphene is still lower than mechanical exfoliated 
graphene sheets and need to be further improved. Possible ways include: utilising 
atomic- smooth single crystal copper as growing substrate, and plasma -enhanced 
CVD facilities to reduce the growth temperature.    
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5. Convenient Microwave Examination of Large-area 
Graphene3 
5.1 Aim and Purpose 
On the one hand, most of the large area transparent electrode applications require a 
low sheet resistance (<500 Ω/sq) (Figure 5-1).[91] On the other hand, the electrical 
properties of graphene may be inhomogeneous over a large area in industrial 
synthesis. It is important to develop convenient, accurate and low-cost methods to 
examine the conductivity / sheet resistance of graphene for industrial applications. 
 
Figure 5-1: Various graphene applications as a transparent electrode and the 
corresponding sheet resistance requirement for each application. (From 
Reference [91]) 
                                                 
3 Parts of this chapter has been published or in submission preparation:  
Shaforost, O.; Wang, K., et al, "Microwave characterizat ion of large area g raphene using a TE01δ 
dielectric resonator." Physics and Engineering of Microwaves, Millimeter and Submillimeter Waves 
(MSMW), 2013 International Kharkov Symposium on , pp.427,429, 23-28 June 2013 
Shaforost, O.; Wang, K., et al, " Contact-free  sheet resistance determination of large- area graphene 
layers by an open dielectric loaded microwave cavity.". In preparation. 
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Although direct-contact electrical measurements, such as 4 probes measurements, are 
the common and established method to measure the sheet resistance of thin film 
materials including graphene, it involves complex and time consuming steps like 
lithography to make metallic contacts. What‘s more, the fabrication processes can also 
bring contact resistance which alters graphene‘s intrinsic properties.  
As described in previous chapters, Raman spectroscopy is an established non-contact 
method to examine the quality of graphene products. However, it is not suitable to 
examine graphene‘s conductivity: the sheet resistance cannot be inferred from the 
spectra and the laser beam may bring damage to the graphene. What‘s more, the 
limitations on the mapping area and speed make it different to get overall information 
from a large area sample. 
A novel non-contact microwave measurement method has been developed to simplify 
the processes and to avoid the effects of metallic contacts.[92; 93] 
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5.2 The Microwave Measurement of Graphene’s sheet 
resistance  
5.2.1 The microwave resonator 
A microwave resonator was fabricated and utilized together with a Vector Network 
Analyzer (VNA) to achieve the non-contact measurement of graphene‘s sheet 
resistance.  
 
 
Figure 5-2: Illustration (a) and photo (b) of the microwave resonator. 
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As shown in Figure 5-2, a BZT (Barium Zirconium Titanate) dielectric disk, whose 
resonant frequency is around 10 GHz, is excited in the TE01δ- mode. The disk is 
arranged in a copper cavity with an aperture where the test sample is supported. The 
electrical field leaks out from the dielectric resonator through the aperture to the test 
sample (as shown in Figure 5-3).  
 
 
Figure 5-3: CST Microwave Studio simulation of the electric field distribution 
in the resonator 
 
 
5.2.2 The measurement procedures 
1. The synthesized graphene film is transferred onto target substrates (typically 
10 x 10mm2) using optimized processes described in chapter 4. 
 
2. Blank substrates (as the control group) and the prepared samples are loaded on 
the resonator (as shown in Figure 5-2). 
 
  
101 
 
3. The corresponding curves (as shown in Figure 5-4) are stored and analysed to 
calculate the sheet resistance of graphene. 
 
4. Every sample is measured several times to minimize random errors. 
 
5. Four-probe measurements are conducted after the microwave measurements as 
comparisons. 
  
 
Figure 5-4: Resonance curves displayed on the VNA screen corresponding to a 
blank quartz substrate (the upper curve) and the quartz substrate covered with a 
homogeneous graphene monolayer (the lower curve). 
 
 
5.2.3 Calculation of the sheet resistance based on microwave data 
The conducting graphene sheet, whose thickness is only 0.34 nm, can be regarded as a 
lossy thin film transparent to electric field in microwave frequencies. 
Measured inversed change of the Q factor ∆𝑄𝑔𝑟
−1 is proportional to power dissipation 
in graphene Pgr per cycle.  
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∆𝑄𝑔𝑟
−1 =
𝑃𝑔𝑟
𝜔𝑊
  (Equation 5-1) 
Where W is the total energy stored by the resonator, ω is the cyclic frequency 
corresponding to the resonant frequency. 
The power dissipation  𝑃𝑔𝑟  can be expressed as the integration of energy conservation 
over the resonator volume V:  
 𝑃𝑔𝑟 = ∫
𝜕𝑊(𝑡)
𝜕𝑡
 
𝑉
=
1
2
∫ 𝜔𝜀" ∙ 𝜀0|𝑬
2|𝑑𝑉
 
𝑉
 (Equation 5-2) 
where E is the strength of electric field, ε” is the imaginary part of the relative 
dielectric permittivity of the lossy dielectric (graphene), and 𝜀0  is the vacuum 
permittivity. 
ε” can be expressed as: 
𝜀" =
𝜍
𝜀0𝜔
  (Equation 5-3) 
where conductivity 𝜍 can be expressed with sheet resistance 𝑅𝑠 and thickness t: 
𝜍 =
1
𝑅𝑠∙𝑡
  (Equation 5-4) 
Finally  
𝑅𝑠 =
1
∆𝑄𝑔𝑟
−1 ∙
∫ 𝑬2𝑑𝐴
 
𝐴
2𝜔𝑊
=
𝒁𝒄
∆𝑄𝑔𝑟
−1  (Equation 5-5) 
  
Several graphene/quartz samples (CVD grown graphene films transferred onto 
10×10×0.05 mm3 quartz substrate) are measured to determine the characteristic 
impedance of the cavity  𝒁𝒄 . The Q values are obtained through the non-contact 
measurements; while the sheet resistances 𝑅𝑠  are determined through four-probe 
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measurements (see appendix 8.3 for more details). The regression result is shown in 
Figure 5-5: 
 
 
Figure 5-5: The regression of sheet resistances on inversed change of Q-factor. 
(see appendix 8.3 for more details) 
 
The value of the characteristic impedance was determined by the slope of the trend 
line: 
𝑍𝑐 = 0.0833  Ω/sq 
The coefficient of determination (R2) is very close to 1, indicating this method is a 
reliable way for sheet resistance measurement. 
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5.2.4 Source of error 
① As the graphene test samples are not completely homogeneous over the whole 
area, four-probe measurements are conducted in different area of the sample to 
obtain its average sheet resistance. Also, percolation effects[94; 95] may cause 
some re-distribution effects of currents in case of the dc experiments 
② The aperture, where the test sample is supported, is not in ideal symmetry and 
the graphene samples under test are not completely homogeneous. Several 
tests are made to obtain the average Q value. 
③ The water vapour can also cause significant microwave losses. The microwave 
measurements need to be conducted in a dry environment. 
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5.3 Observations of Microwave Field Effect  
Since the discovery of graphene in 2004, the field effect of graphene has been a 
research focus of many scientists [2; 96; 97; 98; 99]. In a typical graphene field-effect 
transistor (FET), the electronic properties of graphene can be modulated by adjusting 
the externally applied gate voltage (as shown in Figure 5-6). 
 
 
Figure 5-6: Schematic of a typical graphene field-effect transistor. 
 
As is known from the last chapter that the microwave behaviour of graphene is 
strongly connected to its electrical conductivity, it is fascinating to explore whether 
the modulation of the graphene‘s electrical conductivity by the external electric field 
would eventually lead to corresponding variations in microwave signals. However, 
there are two main obstacles in current graphene FET devices:  
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① The current graphene FET devices are too small for microwave examinations. 
The sizes of the graphene sheets tested are normally in micrometres range 
while the microwave resonator requires an effective examination area of at 
least 50 square millimetres.  
② The gate electrode, either doped silicon or metals, will introduce significant 
microwave loss, which makes the observations of the field effect in graphene 
extremely difficult. 
To solve the first problem, large-area CVD grown graphene sheets are chosen instead 
of mechanically exfoliated ones. To solve the second problem, a new double-layer 
device was designed and utilized to observe the microwave field effect in graphene. 
The details will be described in the next sections of this chapter. 
 
 
5.3.1 Device Design and Fabrication 
 
 
Figure 5-7: Schematic of double-layer graphene microwave field-effect device. 
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In this PhD project a novel double-layer graphene microwave field-effect device (as 
shown in Figure 5-7) has been designed  and fabricated to overcome the two 
obstacles: large-area CVD graphene sheets (~10*10 mm2) are utilized to offer a 
sufficiently large examination area for the microwave resonator; low lossy substrates 
like quartz and high resistance silicon are chosen instead of lossy silicon substrates; 
graphene film replaces Si as the gate electrode for the other graphene layer and the 
metallic contacts are located on the edge to minimize other conductors‘ effects on 
microwave response of the cavity: a thick metal gate would short-circuit the electric 
field and the losses by the graphene layer would become negligible. The detailed 
fabrication procedures are listed below (Figure 5-8): 
① Transfer of CVD graphene sheet onto the quartz substrate. 
② Deposit gold electrodes on the edge of graphene sheet. 
③ Spin coat dielectric layer (PMMA ～400 nm) to cover graphene sheet. 
④ Deposit gold electrodes on the edge of the quartz substrate. 
⑤ Transfer of the second CVD graphene sheet on the dielectric layer. 
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Figure 5-8: (a) Schematic of microwave field-effect device fabrication 
processes. (b) Side-view of fabricated double-layer graphene microwave field-
effect device. 
 
Finally, we get the double-layer structures, which are tested in the microwave 
resonator (Figure 5-2). 
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5.3.2 Measurement 
The fabricated double-layer device is placed on the microwave resonator and a 
voltage is applied between two graphene layers through probes (Figure 5-9). The 
microwave transmission curves under different voltages are stored and analysed.  
 
 
 
Figure 5-9: Schematic of the microwave field effect test. (a): top -view; (b): side-
view. 
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5.3.3 Results 
According to Equation 5-5, the sheet resistance of graphene is inversely proportional 
to the inversed change of Q-factor  ∆𝑄𝑔𝑟
−1 . The Q-factor of the resonator with a 
graphene sample in place can then be described as: 
𝑄𝑔𝑟
 = ( 
𝒁𝒄
𝑅𝑠
 +  
1
𝑄0
 )
−1  (Equation 5-6) 
with Q0 being the Q factor of the cavity without graphene. Therefore, a decrease in 
graphene‘s sheet resistance would lead to a reduction in 𝑄𝑔𝑟
 . It is predicted that the 
field effect can improve graphene‘s conductivity, and thus decrease the measured Q 
value. 
 
Figure 5-10: The measured Q values of the double-layer device for different 
voltages applied. 
 
Figure 5-10 shows the measured Q values of the double-layer device for different 
voltages applied. Changes in Q values are quite small (within the experimental error) 
and no significant trend is observed.  
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As a more sensitive method to determine small changes in sheet resistance, the 
magnitude of power transmission at resonance was recorded as a function of gate 
voltage. 
 
 
Figure 5-11: The microwave transmission spectra for different voltages applied.  
 
Figure 5-11 shows the microwave transmission spectra for different voltages applied. 
The experimental results agree well with our prediction that as the external voltage 
increases, graphene becomes more conductive (lossy), which leads to a decrease in 
microwave transmission. 
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Figure 5-12: The microwave transmission coefficient at the resonant frequency 
for different voltages applied. 
 
Figure 5-12 shows the microwave transmission coefficient at the resonant frequency 
for different voltages applied (both positive and negative). As the applied voltage goes 
to the positive end, the microwave transmission decreases, which is a strong evidence 
for the field effect.  
The measured change in the resonator transmission coefficient can be converted into a 
change in sheet resistance: The transmission is proportional to the square of the 
quality factor, hence the difference between the losses in dB at a given gate voltage 
and gate voltage are directly related to the relative change in sheet resistance: 
100.1×(𝑇(𝑈)−𝑇(0)) = (
𝑅𝑆(𝑈)
𝑅𝑆(0)
)2  (Equation 5-7) 
According to the change of the transmission coefficient by -0.069 dB at 100 V, the 
corresponding relative change in sheet resistance is only about 1.6%. 
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5.3.4 Discussion 
Intrinsic graphene is a semi-metal with no band gap. When the external voltage is 
applied between two graphene layers, the electric field will shift the Fermi levels of 
the two layers into opposite directions: both can enhance the carrier density of 
graphene and thus increases microwave losses of both graphene layers (Figure 5-13).  
 
 
Figure 5-13: Schematic of the field effect in the double layer device. 
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However the observed microwave field effect in graphene is not very significant (only 
about 1.6 % change in sheet resistance at 100 V), which is much smaller than 
electrical field effect results in a similar electric field (100 V/400 nm =2.5 MV/cm). It 
is probably because the CVD graphene films are not pristine graphene with zero 
bandgap:  instead, they are normally p-doped due to intensified eﬀects of charged 
impurities due to strong interaction between the graphene and the supporting substrate 
[100], physically absorbed p-dopants from air (O2, H2O, and CO2) 
[101] and attached 
PMMA film[102; 103].  
When the external voltage is applied between two layers of p -doped graphene, the 
electric field will shift the Fermi levels of the two layers into opposite directions: the 
carrier density of one layer is increased while that of the other layer is decreased. 
Although the bottom layer of graphene has a larger effect on the microwave 
transmissions because it is nearer to the resonator, the net effect is quite small because 
the opposite effect from the top layer graphene offsets most of the changes in 
microwave transmissions. (Figure 5-14) 
To make the microwave field-effect more observable, methods such as hetero atom 
doping[104; 105] or chemical modification[20; 106; 107] can be explored to offset the p-type 
doping effect and shift the Fermi level of the graphene back to the Dirac point.  
Another factor to consider is the leakage current between the two graphene layers. As 
the wet transfer processes are not conducted in a clean room, the continuity or the 
insulation property of PMMA film might be damaged by dust particles. The leakage 
current between graphene layers can lead to a lower effective electrical field. The 
PMMA film should be spin-coated homogeneously in an ultra-clean environment to 
minimize defects. Although thicker PMMA layer normally offers better insulation, it 
also makes the field effect less notable. Further optimization of thickness as well as 
exploration of thinner dielectric materials with better insulation (larger dielectric 
constant) are needed to improve the device performance. 
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Figure 5-14: Schematic of the field effect in the double layer device (when the 
grown CVD graphene is p-doped). 
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5.4 Conclusions 
The new microwave examination method enables contact-free determination of the 
sheet resistance of graphene in a convenient, accurate and low-cost way. It can be 
further extended to examinations of other conducting thin film materials or 
examination of the homogeneity over a large-area conducting sheet in a short period. 
Further advancements in the sensitivity and configuration of the resonator are still 
needed to improve the accuracy.  
A large-area double-layer graphene device is fabricated and the field effect in 
graphene is indirectly observed with the microwave resonator. To make the 
microwave field-effect more significant, the p-type doping effect needs to be 
removed. Possible solutions include: adaptions in the synthesis and transfer processes, 
hetero atom doping or chemical modification. 
The microwave examination method opens a new way to study graphene‘s properties 
as well as important references to further optimize the graphene synthesis and transfer 
processes. It is also fascinating to explore free-standing graphene‘s properties and 
field-effect with microwave examination, if proper free -standing structures had been 
fabricated and flexible microwave probe is available in the future.  
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6. Deposition of Strontium Titanate (STO) onto 
Graphene4 
6.1 Aim and Purpose 
The extraordinary electrical properties of graphene, including its ultra-high electron 
mobility of up to 200,000 cm2/Vs [15; 16; 17] (which is ~100 times higher than silicon), 
the high current density of up to ~2 × 108 A cm−2 [18] and a high saturation velocity of 
up to 5.5 × 107 cm s−1 [19], has made graphene a promising material for high speed FET 
transistors and super capacitors. 
Most graphene FET transistors employ a Si (doped) substrate as the back gate 
electrode and SiO2 as gate dielectric. It is chosen mainly because graphene on this 
substrate is visible under optical microscope, which facilitates the characterization 
and device fabrication processes. [67; 68] (See section 3.2.1 Optical Microscope for 
more details) 
Although back-gated graphene FET transistors are convenient for basic research, they 
have  several drawbacks.                                                                                                                                                                                                                                                                                                                          
1. The large thickness (300 nm) and small dielectric constant of the back gate 
dielectric material (SiO2) require a high operational voltage 
[99; 108; 109]. 
2. Using the substrate as the back gate means lack of control on individual devices 
because all devices on the whole wafer would be switched on and off 
simultaneously, which is inappropriate for industrial applications. 
3. To achieve optical interference, there is a limited range of SiO2 thickness. 
                                                 
4 Parts of this chapter are in submission preparation. 
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Top-gate FET transistors, however, requires direct deposition of dielectric materials 
(normally oxides) on top of graphene. On the other hand, in order to fabricate 
graphene super capacitors with high capacitance [110; 111; 112], it is also crucial to 
deposit dielectric materials on top of graphene without damaging the graphene.  
Strontium Titanate (SrTiO3 or STO) is an incipient ferroelectric material (paraelectric 
at room temperature) with a large dielectric constant: κ(STO) = ~300 at room 
temperature while κ(SiO2) = ~3.9. The high dielectric constant makes STO a 
desirable dielectric material for graphene: (1) the low leakage current can lead to 
better performances of graphene devices and possibility of thinner dielectric layer / 
lower operational voltage; (2) higher capacitance for graphene super-capacitors. 
The deposition process of Strontium Titanate normally involves deposition and 
annealing in oxygen at high temperatures. The annealing step is crucial to form high 
quality oxide films, but can also cause significant defects to graphene. The interaction 
between graphene and oxygen under different temperatures and oxygen partial 
pressures is studied to optimize the STO deposition conditions and to minimize the 
damage of graphene. 
One the one hand, the electrical properties and microstructure of STO  thin films 
strongly depend on the deposition conditions, especially the deposition 
temperature[113] and oxygen partial pressure[114]: as the deposition temperature 
increases, the STO grains become larger and more uniform (Figure 6-1) while the 
high oxygen partial pressure can lead to better crystalline quality. On the other hand, 
high temperature and high oxygen partial pressure during the deposition can cause 
significant defects to graphene. The interaction between graphene and oxygen under 
different temperatures and oxygen partial pressures was studied to optimize the STO 
deposition conditions and to minimize the damage of graphene. 
  
119 
 
 
 
Figure 6-1: 3D AFM images of STO films deposited under different 
temperatures: as the deposition temperature increases, the STO grains become 
larger and more uniform. 
(Adapted from reference [113]) 
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6.2 Methods         
6.2.1 The oxidation treatment test 
(1) Graphene growth and transfer: 
CVD-grown graphene films are transferred onto SiO2 substrates, after which the 
samples are placed in a high vacuum chamber (Figure 6-2). 
(2) Removal of air:   
The vacuum chamber is pumped to base pressure (~10-7mTorr) and filled will high 
purity argon gas several times to remove air residues. 
(3) Flow in oxygen gas: 
The vacuum chamber is then pumped to base pressure again and filled with high 
purity oxygen gas of given oxygen partial pressure. 
(4) Heat treatment: 
The graphene sample is then heated to given temperature and last for 1 hour. 
(5) Cooling down: 
After cooling down to room temperature, the graphene sample is collected from the 
high vacuum chamber for characterizations.  
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Figure 6-2: Schematic of the high vacuum chamber. 
 
6.2.2 The deposition of STO films 
(1) Graphene growth and transfer: 
CVD-grown graphene films are transferred onto MgO substrates (MgO is widely used 
as a epitaxial substrate for STO deposition [113]), after which the samples are placed in 
a high vacuum PLD chamber. 
(2) Removal of air:   
The vacuum chamber is pumped to the base pressure (~10 -7 mTorr) and filled will 
high purity argon gas several times to remove air residues. 
(3) Flow in oxygen gas: 
The vacuum chamber is then pumped to base pressure again and filled with high 
purity oxygen gas of a given oxygen partial pressure (in the range of 0-500 mTorr). 
(4) The PLD deposition 
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The STO film is then deposited at a given deposition temperature (in the range of 0 -
850 ℃). 
(5) Post-deposition annealing 
After the deposition process, the substrate is cooled down to the annealing 
temperature (normally 600 ℃) and oxygen partial pressure (in the range of 0-500 
mTorr) for 1 hour. 
(6) Cooling down: 
After slowly cooling down to room temperature (~10 °C/min), the deposited film is 
collected from the high vacuum chamber for characterizations.  
 
6.2.3 Characterization 
(1) Electrical measurement 
Two-probe electrical measurements (probe spacing: 1 mm) are conducted before and 
after each oxygen treatment to determine the effects on resistances.  
(2) Structural measurement  
XRD is conducted to examine the crystalline of deposited STO films. 
SEM is employed to observe the structural changes before and after oxygen treatment. 
(3) Raman measurement 
Raman measurement is conducted to determine the defects introduced by oxygen 
treatment.  
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6.3 Results and Discussion 
 
6.3.1 Effects of temperature and oxygen partial pressure  
Electrical measurement 
Figure 6-3 shows changes in graphene sheet resistance before and after oxidation 
test at different temperatures (O2 partial pressure = 100 mTorr). When the 
temperature is below 650 °C, no significant change is observed. However when the 
temperature reaches 650 °C, graphene‘s sheet resistance begins to degrade rapidly. 
When temperature rises to above 700 °C, graphene becomes almost insulating.  
Figure 6-4 shows changes in graphene sheet resistance before and after oxidation test 
under different O2 partial pressures (Temperature: 600 °C). As O2 partial pressure 
rises, graphene‗s conductivity also degrades.  
 
Figure 6-3: Resistances of graphene samples before (R0) and after oxidation 
treatment (RT) under different temperatures (O2 partial pressure = 100 mTorr). 
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Figure 6-4: Resistances of graphene samples before (R0) and after oxidation 
treatment (RT) under different O2 partial pressures. (Temperature: 600 ℃) 
 
 
Raman measurement 
Figure 6-5 and Figure 6-6 show Raman spectra before and after oxidation test at 
different temperatures (O2 partial pressure = 100 mTorr). The intensity of D band 
increases as the temperature rises. Figure 6-7 shows Raman spectra before and after 
oxidation test under different O2 partial pressures (Temperature: 600 °C). As O2 
partial pressure rises, graphene‗s D band intensity also increases. These spectra 
suggest that the graphene defects can easily form in high temperatures and high 
oxygen partial pressures, which corresponds to the electrical measurement data above. 
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Figure 6-5: Raman spectra of graphene samples before and after oxidation 
treatment under low temperatures (20 °C, 200 °C, 400 °C. O2 partial pressure = 
100 mTorr). 
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Figure 6-6: Raman spectra of graphene samples before and after oxidation 
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treatment under high temperatures (600 °C, 650 °C, 700 °C, 850 °C. O2 partial 
pressure = 100 mTorr). 
 
 
Figure 6-7: Raman spectra of graphene samples before and after oxidation 
treatment under different O2 partial pressures. (Temperature: 600 °C) 
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SEM characterization 
 
Figure 6-8: A typical SEM image of graphene on SiO2/Si after oxidation 
treatment at 700 °C (O2 partial pressure = 100 mTorr). 
 
Figure 6-8 is a typical SEM image of a graphene sample with defects after the 
oxidation treatment. The damages parts can be clearly observed. It is interesting to 
find that oxidation starts from graphene grains boundaries. The oxidation mechanism 
will be further studied in future works. 
 
 
6.3.2 Optimizations of the deposition process 
The normal PLD process to deposit STO involves high temperature (850 °C) and 
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oxygen environment (O2 partial pressure > 100 mTorr) (Figure 6-9). According to our 
previous oxidation test studies, the graphene will be significantly damaged in these 
conditions. 
 
 
Figure 6-9: Schematic of the typical PLD process to deposit STO 
 
To minimize the graphene‘s damage during STO deposition, we adapted the 
conditions based on oxidation test results. As shown in Figure 6-10, the deposition is 
first conducted in ultra-high vacuum to protect graphene from oxidation. Then the 
substrate is cooled to a lower temperature (600 °C) and annealed, during which the 
oxygen atoms are supplemented into the film. (The oxygen partial pressure is set to be 
100 mTorr to prevent serious damages from graphene.) At last, the substrate is slowly 
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cooled down to room temperature and characterized.   
 
 
Figure 6-10: Schematic of the adapted PLD process to deposit STO 
 
 
6.3.3 Characterizations of the deposited STO/graphene/MgO 
structure 
 
Figure 6-11 shows the continuous STO film deposited on graphene/MgO. Figure 6-12 
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shows the XRD pattern of the STO/Graphene/MgO structure. Both of them confirm 
good crystalline quality of the deposited STO films. 
 
 
Figure 6-11: SEM image of the STO/Graphene/MgO structure 
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Figure 6-12: XRD pattern of the STO/Graphene/MgO structure 
 
Figure 6-13 and Figure 6-14 are the Raman data of the STO/Graphene/MgO structure. 
The graphene G band and 2D band can be detected over the whole mapping area, 
suggesting that graphene have ―survived‖ the deposition process. 
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Figure 6-13: Raman spectrum of the STO/Graphene/MgO structure 
 
 
Figure 6-14: G band (left) and 2D band (right) Raman mapping of the 
STO/Graphene/MgO structure. 
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6.4 Conclusions 
 
In summary, the interaction between graphene and oxygen under different 
temperatures and oxygen partial pressures is studied and discussed. Strontium 
Titanate (STO) film is deposited on transferred CVD grown graphene on MgO 
substrate. Based on the oxidation test results, the deposition process of Strontium 
Titanate is optimized to minimize the defects introduced on graphene. Raman 
mapping data show that graphene is still continuous after the STO deposition although 
D band suggests some newly formed defects. 
The deposited STO/Graphene/MgO structure can be further fabricated into graphene 
capacitors and other devices. Further optimizations are still needed to improve the 
performance. One possible solution is to introduce a protection layer on graphene 
before the STO deposition. 
Due to limitations of time and graphene growth facilities, the oxidation study is only 
conducted on CVD grown graphene. This study can be further extended to graphene 
grown by other methods, such as mechanically exfoliated graphene and epitaxial 
grown graphene. This study also offers a new method to deposit other oxide 
dielectrics on graphene.   
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7. Conclusions 
7.1 Summary 
This thesis has been focused on three areas: large -area synthesis and transfer of 
graphene films, the microwave characterization and the fabrication of novel graphene 
devices/structures.: 
 
(1) Large-area synthesis and transfer of graphene films  
The parameters of the CVD growth of graphene and the transfer processes are 
explored and optimized. Large-area, continuous and high quality monolayer graphene 
is obtained. A novel frame-assisted method is developed to cover whole substrate with 
graphene with less defects and impurities. To remove PMMA residues more 
effectively and unharmfully, thermal annealing and acetone treatments are combined 
to obtain a clean graphene surface. 
 
(2) Microwave characterization of graphene films  
The new microwave examination method enables contact-free determination of the 
sheet resistance of graphene in a convenient, accurate and low-cost way. The 
microwave examination method opens a new way to study graphene‘s properties as 
well as important references to further optimize the graphene synthesis and transfer 
processes. 
Preliminary explorations to examine the field effect in graphene by the microwave 
resonator are conducted. A small change in graphene‘s sheet resistance is observed 
  
136 
 
when a range of external voltages are applied.  
 
(3) Fabrication of novel graphene devices/structures 
Strontium Titanate (STO) film is successfully deposited onto monolayer graphene 
sheets on MgO substrates. The interaction between graphene and oxygen under 
different temperatures and oxygen partial pressures is studied and discussed. Based on 
the oxidation test result, the deposition process of Strontium Titanate is optimized to 
minimize the defects introduced on graphene as well as to guarantee good crystalline 
quality of STO. The STO/graphene structure can be easily fabricated into devices 
such as capacitors. This study also offers a new route to deposit other oxide dielectrics 
on graphene.   
A new route to fabricate graphene free-standing structure is proposed. Preliminary 
results suggest that the under-etching method is promising to remove the underlying 
copper and leave the patterned photoresist/graphene structure suspended. Further 
adaptions in mask design and critical point drying techniques are still needed to 
prevent damages in graphene. 
A large-area double-layer graphene device is fabricated to detect the field effect in 
graphene with the microwave resonator. Each graphene layer replaces metal as the 
gate electrode for the other graphene layer. This novel structure also enables 
examination of the field effect in both graphene layers at the same time. 
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7.2 Future outlook 
The conductivity of synthesized graphene is still lower than mechanically exfoliated 
ones and the growth and transfer processes need to be further studied and optimized. 
Possible ways include: utilising atomic-smooth single crystal copper as growing 
substrate, and plasma-enhanced CVD facilities to reduce the growth temperature. The 
novel microwave characterization technique also provides a new reference in growth 
and transfer optimizations to obtain graphene with the best electrical properties. 
Further advancements in the sensitivity and configuration of the microwave resonator 
are still needed to improve the accuracy of the microwave characterizations. This 
technique can also be further extended to examinations of o ther conducting thin film 
materials or examination of the homogeneity over a large -area conducting sheet in a 
short period. To make the microwave field-effect more significant, the p-type doping 
effect needs to be reduced or removed. Possible solutions inc lude: adaptions in the 
synthesis and transfer processes, hetero atom doping or chemical modification. 
Replace PMMA with other dielectric materials can also help reducing the p-type 
doping as well as the leakage current. 
The fabrication of a graphene free-standing structure can be further explored and 
optimized by growing graphene directly on copper thin films, adaptations in mask 
designs and the employment of critical point drying technique to minimize graphene 
damage during photoresist removal. It is also fascinating to explore free-standing 
graphene‘s properties and field-effect with the microwave technique. 
The deposited STO/Graphene structure can be further fabricated into graphene 
capacitors. Further optimizations of deposition process are still needed to improve the 
performance.   
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8. Appendix 
8.1 Derivation of the formula for the sheet resistance 
calculation    
For ultra-thin film materials like graphene (thickness t <<probe spacing s), the current 
distribution can be assumed as ring shaped. A (𝐴 = 2𝜋𝑥𝑡) represent the cross section 
of the ring at a given distance x in between the contacts at x1 and x2 (Figure 3-13): 
𝑅 = ∫ ρ
d𝑥
2𝜋𝑥𝑡
𝑥2
𝑥1
 = ∫
𝜌
2𝜋𝑡
d𝑥
𝑥
2𝑠
𝑠
 = 
𝜌
2𝜋𝑡
𝑙𝑛2   (Equation 8-1)[78] 
As 𝑅 =
V
2𝐼
, the sheet resistivity can be expressed as 
𝜌 =  
𝜋𝑡
𝑙𝑛2
(
𝑉
𝐼
)  (Equation 8-2)[78] 
Finally, the sheet resistance 
𝑅𝑆 = 
𝜌
2𝑡
  = 4.53(
𝑉
𝐼
) (Equation 3-1) [78] 
  
  
139 
 
8.2 Measured sheet resistances for different CVD graphene 
samples transferred onto quartz substrates 
 
 
 
 
 
 
 
 
 
Table 8-1: Measured sheet resistances for different CVD graphene samples 
transferred onto quartz substrates. 
 
Samples 1 to 6 are as grown CVD graphene samples transferred onto quartz substrates 
using the standard recipe described in section 4.1.2 The CVD Procedures. Samples 
GS1 and GS2 are CVD grown graphene samples (on copper) bought from graphene 
supermarket, which were transferred in the same method onto the same substrate as 
comparisons. 
  
No. RS1  
(Ω/sq) 
RS2 
(Ω/sq) 
RS(average) 
(Ω/sq) 
1 876 815 846 
2 2,009 1,971 1,990 
3 871 1,084 978 
4 1,152 1,116 1,134 
5 902 873 888 
6 910 1,001 956 
GS1 1,959 2,038 1,998 
GS2 1,240 1,289 1,265 
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8.3 Calibration of the coefficient  𝒁𝒄 in the microwave 
measurement 
 
 
 
 
 
 
 
 
 
Table 8-2: Measured Q values, calculated 1/△(Q -1) values and measured sheet 
resistances for different CVD graphene samples transferred onto quartz 
substrates. 
 
Samples 1 to 6 are as grown CVD graphene samples transferred onto quartz substrates 
using the standard recipe described in section 4.1.2 The CVD Procedures. Samples 
GS1 and GS2 are CVD grown graphene samples (on copper) bought from graphene 
supermarket.  
The Q value of a blank quartz substrate is also measured as comparison. 𝑄𝑄𝑢𝑎𝑟𝑡𝑧
 =
No. Q 1/△(Q
-1
) RS (Ω/sq) 
1 4,830 9,114 846 
2 7,059 22,548 1,990 
3 5,308 10,979 978 
4 5,696 12,780 1,134 
5 5,160 10,364 888 
6 5,235 10,671 956 
GS1 7,166 23,678 1,998 
GS2 6,139 15,249 1,265 
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10276. 
The inversed change of Q-factor for each sample can then be calculated: 
1/∆𝑄 
−1 = 1/(
1
𝑄𝑔𝑟
 −
1
𝑄𝑄𝑢𝑎𝑟𝑡𝑧
 ) 
The results of calculated 1/△(Q-1) values and DC measured sheet resistances are listed 
in  
Table 8-2. 
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8.4 Resistances of graphene films before and after oxidation 
treatment 
Temperatur
e 
(℃) 
Resistivity 
Before 
Treatment  
(Ω/sq) 
Standard 
Error 
Resistivity 
After 
Treatment  
(Ω/sq) 
Standard Error Normalized 
to no 
treatment 
700 5015 837 29464390000 1549770000 5875319.7 
650 7131 1900 76195 23728 10.7 
600 3506 610 4288 402 1.2 
400 3938 442 8958 602 2.3 
200 4044 599 3897 386 1.0 
20 5567 592 4096 758 0.7 
Table 8-3：Sheet resistance of graphene samples before and after oxidation 
treatment under different temperatures (O2 partial pressure = 100 mTorr). 
 
O2 partial 
pressure 
(mTorr) 
Sheet 
Resistance 
Before 
Treatment  
(Ω/sq) 
Standard 
Error 
Sheet 
Resistance 
After 
Treatment  
(Ω/sq) 
Standard 
Error 
Normalized 
to no 
treatment 
100 3506 610 4288 402 1.2 
  
143 
 
300 4542 1071 18737 3354 4.1 
500 8786 1565 241951 261924 27.5 
Table 8-4: Sheet resistance of graphene samples before and after oxidation 
treatment under different O2 partial pressures. (Temperature: 600 ℃)  
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